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Small single crystals of Rb3Ni2(NO3)7 were obtained by crystallization from anhydrous nitric
acid solution of rubidium nitrate and nickel nitrate hexahydrate. The basic elements of the crystal
structure of this new compound are isolated spin-1 two-leg ladders of Ni2+-ions connected by (NO3)
−
groups. The experimental data show the absence of long range magnetic order at T ≥ 2 K. LDA+U
calculations and the detailed analysis of the experimental data, i.e. of the magnetic susceptibility,
the specific heat in magnetic fields up to 9 T, the magnetization, and of the high-frequency electron
spin resonance data, enable quantitative estimates of the relevant parameters of the S = 1 ladders
in Rb3Ni2(NO3)7. The rung-coupling J1 = 10.5 K, the leg-coupling J2 = 1.6 K, and the uniaxial
anisotropy |A| = 179 GHz are obtained. The scenario of spin liquid quantum ground state is further
corroborated by quantum Monte Carlo simulations of the magnetic susceptibility.
PACS numbers: 75.10.Kt; 75.30.Et; 75.40.Cx; 76.30.Fc
I. INTRODUCTION
The experimental and theoretical search for materi-
als that are physical realizations of quantum spin mod-
els on low-dimensional lattices is a main focus of cur-
rent condensed matter physics. Depending on the lat-
tice geometry, such model materials with spin- 12 demon-
strate numerous nontrivial magnetic phenomena, like
Bose-Einstein condensation of the magnons [1], plateaus
of the magnetization [2], the resonating valence bond
ground state (triangular lattice), skyrmions [3] and oth-
ers. In the recent years, prototypical low-dimensional
magnetic systems with spin larger than one-half have at-
tracted attention as experimental and theoretical studies
on systems with S≥1 open a way to probe the quantum
states of model systems which differ from the extreme
case of the spin- 12 analogs.
It was an unexpected theoretical discovery that cou-
pling of two spin- 12 Heisenberg quasi-ordered chains (with
infinite correlation lengths) into spin- 12 ladder leads to
finite-range correlations and an excitation gap (for a re-
view see Ref. [4]). The spin-1 single chain displays quite
different properties as compared to the spin- 12 chain, too.
Its coupled ladder version, i.e. the spin-1 N -leg ladder
has been the object of active theoretical research in the
last years [5–9]. Like in the chains, the integer and non-
integer spin ladders exhibit strongly different properties:
using the density matrix renormalization group (DMRG)
method it was shown that for semi-integer spin ladders
∗Electronic address: pchelkzl@mail.ru
the spin excitations are gapless for odd legs and gapped
for even leg numbers. For integer spin ladders the spin
gap is nonzero for both odd and even number of legs [6].
In particular, the even-leg spin-1 ladder has been found to
host a symmetry-protected topological ground state [7].
The presence of anisotropy has been suggested to yield
a nontrivial entanglement spectrum even in the unper-
turbed ground state [8].
Recently, the phase diagram of spin-1 weakly cou-
pled antiferromagnetic (AFM) chains with single-ion
anisotropy was obtained using the quantum Monte Carlo
(QMC) method [9]. Experimentally, several Haldane gap
compounds with uniaxial anisotropy like PbNi2V2O8 and
SrNi2V2O8 perfectly fit to the phase boundary of this di-
agram. The S = 1 ladder structure with Jleg 6= Jrung
(here Jleg and Jrung are the magnetic exchange param-
eters along the legs and the rungs of the ladder, respec-
tively) also offers the possibility to investigate experi-
mentally the crossover from coupled antiferromagnetic
dimers to the 2-leg Haldane-like ladder. Both models
are characterized by a spin-gap in the magnetic excita-
tion spectrum and there is a crossover of the gap and the
respective spin-liquid states.
In this paper we report on the structural, elec-
tronic and magnetic properties of the first synthesized
rubidium-nickel nitrate Rb3Ni2(NO3)7. By means of
thermodynamic and resonance measurements and first-
principles numerical simulations we show that this com-
pound is the physical realization of the strong-rung spin-1
ladder model. The magnetic susceptibility reveals a max-
imum at about 11 K, which corresponds to singlet-triplet
excitations. High-frequency electron spin resonance data
clearly prove significant zero-field splitting which is asso-
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2ciated with uniaxial magnetic anisotropy of A = −8.6 K.
The exchange interactions along the legs, the rungs, and
between the ladders are numerically obtained along with
their microscopic explanation within Green’s function
method. The experimental data obtained on a multi-
tude of randomly oriented single crystals are compared
with simulations by means of the Heisenberg model for
ladders and independent dimers by means of exact diag-
onalization and quantum Monte Carlo methods, respec-
tively. The results support the strong-rung spin-1 ladder
scenario with J1 = 10.5 K and J2 = 1.6 K.
II. EXPERIMENT
A. Synthesis
The crystalline samples of Rb3Ni2(NO3)7 were syn-
thesized from solution of rubidium nitrate RbNO3 and
nickel nitrate hexahydrate, Ni(NO3)2·6H2O, in anhy-
drous nitric acid. The solution was placed into an evacu-
ated desiccator above the phosphorus anhydrate P2O5
and crystallization continued for few weeks till com-
plete removal of the liquid phase. The molar ratio of
RbNO3:Ni(NO3)2·6H2O=2:1 was used, since for the sto-
ichiometric composition of the initial mixture (3:2) mag-
netic admixture of Ni(NO3)2 was formed together with
the main product. The details of the synthesis method
of ammonium nitratometallates similar to that used to
prepare the title compound are given in Ref. 10.
The green crystals of Rb3Ni2(NO3)7 were mechanically
separated from the colorless crystals of the rubidium ni-
trate present in the precipitate. It should be noted that
Rb3Ni2(NO3)7 is highly hygroscopic and in air it gradu-
ally decomposes into RbNO3 and nickel nitrate hydrates
Ni(NO3)2 · nH2O (n=2, 4, 6). Therefore, the obtained
product was stored under argon in sealed ampules and
manipulations for the samples preparation for various
studies were performed in a glove box under dry nitrogen
or argon atmosphere. During the measurements, special
efforts were taken to minimize or avoid the exposure time
of the sample to air.
B. Crystal structure
Single crystal X-ray structure determination reveals
Rb3Ni2(NO3)7 to crystallize in the orthorhombic space
group Pnma (No. 62) with the lattice parameters
a=8.986(1), b=28.063(3), c=7.269(1) A˚, at 200 K. Re-
finement of 155 parameters gave a goodness-of-fit of
0.970, R1=0.0315, and wR2=0.0616 on all data. Good
agreement of the XRD pattern of powder, prepared
from the sample with the theoretical diffractogram of
Rb3Ni2(NO3)7, calculated according to the crystal struc-
ture data, indicates that Rb3Ni2(NO3)7 is the only Ni-
containing phase in the obtained sample. The crystal
structure parameters and information on the data collec-
tion and the structure refinement are given in the Supple-
mental Materials at [URL will be inserted by publisher].
The rubidium-nickel nitrate is isostructural to the pre-
viously synthesized (NH4)3Ni2(NO3)7 compound [10].
The crystal structure of Rb3Ni2(NO3)7 consists of zigzag
[Ni2(NO3)7]
3n−
n ribbons with Rb
+ ions occupying voids
between them. These ribbons have a ladder-like topol-
ogy, as shown in Fig. 1. The Ni2+ ions are surrounded
by distorted octahedral polyhedra formed by six oxygen
atoms belonging to two terminal (mono- and bidentate)
and three bridging nitrate groups. The N(1)O3-group is
located on a mirror plane and connects two nickel atoms
by the anti-anti-type forming a rung of the ladder. Along
the legs of the ladder, Ni atoms are bonded by means of
syn-anti-type N(3)O3-bridges resulting in a Ni· · ·Ni dis-
tance of 4.995 A˚ which is much shorter than the Ni· · ·Ni
distance of 6.135 A˚ along the rungs. Selected interatomic
distances and bond angles in the crystal structure of
Rb3Ni2(NO3)7 are given in Tab. II and III of Supple-
mental Materials at [URL will be inserted by publisher].
The distances between nickel and nearest oxygen
atoms within the NiO6-octahedra vary from 2.04 to
2.15 A˚. In the case of the transition metal oxides, the
magnetic couplings are quite sensitive to the angle of the
metal-oxygen-metal bond. In Rb3Ni2(NO3)7, the NiO6
octahedra are linked through NO3-groups. The Ni-N-Ni
angles along the a- and the b-axis are 119◦ and 172◦,
respectively. It is illustrative to compare these values
to NiO (Fm-3m structure). In NiO, the Ni-O distance
is 2.1 A˚ and the Ni-O-Ni angle is 180◦ which results in
a strong antiferromagnetic superexchange interaction of
221 K (19 meV) [11]. Taking into account the strong dis-
tortion of the NiO6 octahedra in Rb3Ni2(NO3)7 and the
longer distances between neighboring octahedra coupled
by nitrate groups, one could expect that the magnetic ex-
change interaction in this system should be much weaker
than in NiO.
C. Thermodynamic properties
The temperature dependency of the magnetic suscep-
tibility of Rb3Ni2(NO3)7 was measured at B=0.1 T by
means of a Magnetic Properties Measurement System
(MPMS XL-5, from Quantum Design) while the field
dependence of magnetization at T=4.2 K in magnetic
fields up to 15 T was studied by means of a home-built
vibrating sample magnetometer (VSM) [12]. The specific
heat was measured at various magnetic fields up to 9 T
by means of a Physical Properties Measurement Systems
(PPMS, from Quantum Design).
The temperature dependence of the magnetic suscep-
tibility χ=M/B of Rb3Ni2(NO3)7, B=0.1 T, is pre-
sented in Fig. 2. In the whole temperature range un-
der study, there is no difference of the measurements ob-
tained in the field-cooled and the zero-field cooled regime
which evidences the absence of any considerable ferro-
3Figure 1: (a) Projection of the Rb3Ni2(NO3)7 crystal struc-
ture along the a-direction. (b) The NiO6 octahedra are con-
nected via NO3-groups forming zigzag chains along a. Ni, O,
N and Rb atoms are shown as green, cyan, black and orange
spheres, respectively. (c) J1 and J2 denote exchange interac-
tions along the rungs and the legs of the ladders, J3 and J4
indicate exchange interactions between the ladders.
magnetic impurities. The low-temperature behavior im-
plies only a few quasi-free defect spins. The analysis
of the field dependence of the magnetization at small
B (not shown) indeed confirms a very small number
of quasi-free defect spins S = 1 of about 0.1 %. In
the temperature range 50-300 K, the χ(T) dependence
shown in Fig. 2 can be described by a Curie-Weiss-like
behavior, χ(T)=χ0+C/(T-Θ), with a temperature in-
dependent term χ0=6.6·10−4 emu/mol, the Curie con-
stant C=2.02 K emu/mol, and the Weiss temperature
Θ=-10.9 K. At lower temperatures, χ(T) deviates from
the Curie-Weiss behavior, passes through a maximum at
Tmax=11 K, and subsequently drops more than twice at
T<Tmax. From the Curie constant, the effective mag-
netic moment µeff = 4.0(2)µB/f.u. is extracted, which
for S = 1 is associated with the g-factor g=2.01(5). The
negative value of the Weiss temperature indicates the
predominance of antiferromagnetic exchange interactions
Figure 2: Temperature dependence of the magnetic suscepti-
bility of Rb3Ni2(NO3)7, at B=0.1 T, taken in the field-cooled
regime. The dashed-dotted line shows a fit in accordance with
the Curie-Weiss law. Field dependence of the magnetization,
at T=4.2 K, and its derivative are shown in the insert. Green
lines are fits to the data (see the text). The dotted line illus-
trates the low field susceptibility χ1.
at elevated temperatures.
The main magnetic substructures of Rb3Ni2(NO3)7 are
the two-leg ladders based on Ni2+ ions (cf. Fig.1c). De-
pending on the ratio of exchange interaction parameters
on the rungs and the legs, this structure’s extremities
are isolated dimers [15] or uniform chains [16]. The
maximum present in χ(T) can be inherent to each of
these cases. Indeed, the experimental data are roughly
described in terms of either of these extremal cases by
means of analytical expressions for dimers and uniform
chains. Fitting the data by means of both models yields
the main exchange interaction parameters Jdim=11 K
(pure dimer model) or Jchain=8.4 K (pure chain model).
As will be shown in section IV, the generalized ladder
model yields a significantly better description of the data.
The magnetization curve M(B) taken in quasistatic
magnetic field and its derivative ∂M(B)/∂B are shown
in the inset of Fig. 2. The M(B) curve bends at about
BC=10 T seen as a maximum in the ∂M/∂B depen-
dence. At B>BC , the magnetization approaches ∼ 2µB
which is about half of the expected saturation magneti-
zation Msat=ngSµB ≈4 µB/f.u.. In a dimer-like model,
left-bending of the magnetization signals field induced
changes of the lowest spin energy state(s) providing in-
formation on the energy difference of the singlet and the
lowest triplet state. We note that a spin gap in isolated
S=1 chains as well as in S=1 spin ladders implies a
corresponding anomaly in M vs. B, too, as, e.g., seen
in NENP [17]. Quantitatively, the S=1 uniform chain
model presumes the magnetic field necessary to over-
come energy gap ∆ (∆chain=0.41Jchain) to be equal to
B=2.56 T which is significantly smaller than the experi-
mentally found value.
The temperature dependencies of the specific heat
Cp(T) of Rb3Ni2(NO3)7 taken at various magnetic fields
4Figure 3: The temperature dependencies of the specific heat
of Rb3Ni2(NO3)7 measured at various magnetic fields. The
dotted lines were calculated in the model of S=1 dimers. Solid
lines represent the sum of the S=1 dimer contribution and a
T3 term.
up to 9 T are shown in Fig. 3. The Cp(T) curve at
B=0 clearly shows a low temperature Schottky anomaly.
This anomaly can be attributed to the presence of ener-
getically separated S=0, 1, 2 levels in the energy spec-
trum of Ni2+ dimers which become thermally populated
upon heating (cf. Fig. 6). Upon application of external
magnetic fields, the ground state energies are shifted by
the Zeeman effect which yields, e.g., the abovementioned
changes of the ground states showing up in the anomaly
in M(B). Indeed, the Schottky anomaly clearly changes
upon application of external magnetic fields. This effect
is most clear if the magnetic field dependence of Cp at
constant temperature is considered (see Fig. 4). Here,
the specific heat is strongly suppressed at about B=BC,
i.e. it signals the crossing of the ground state spin levels.
Figure 4: The field dependencies of the specific heat of
Rb3Ni2(NO3)7 at several constant temperatures. The circles
are the experimental data, dotted lines show the expected
behavior in the dimer model (see the text).
A quantitative estimate of the magnetic contribution
to the specific heat uses the associated partition func-
tion, the mean energy and the mean squared energy
for ∆dimer=11 K and g=2.01 obtained from the mag-
netic measurements. The resulting curves are shown
by dotted lines in Fig. 3. The lattice contribution to
the specific heat was considered by C latticep =βT
3, with
β=1943.7 · s/Θ3D. Here, ΘD is the Debye temperature
and s=33 the number of atoms per Rb3Ni2(NO3)7 for-
mula unit. The specific heat of Rb3Ni2(NO3)7 was mea-
sured up to 200 K (data not shown) where we obtained
Cp ≈ 610 J/(mol·K) which is about 75% of the expected
Dulong-Petit limit 3R·s=823 J/(mol·K). Thus, our ex-
perimental data imply a lower limit of ΘD >200 K for
the Debye temperature and accordingly an upper limit
for β which is smaller than 0.008 J/(mol·K4). The re-
sulting dimer and lattice contributions to the specific
heat shown by the solid lines in Fig. 3 describe the ex-
perimental data quite well in the temperature regime
T>Tmax. In contrast, there are notable discrepancies
at low temperatures T<Tmax, where the lattice contri-
bution is negligibly small. Tentatively, this indicates a
more complex scenario than the simple non-interacting
S=1 dimer model.
D. High-frequency ESR spectroscopy
High-frequency/high field Electron Spin Resonance
(HF-ESR) measurements were carried out using a phase-
sensitive millimeter-wave vector network analyzer from
AB Millimetre´ covering the frequency range from 30 to
1000 GHz and in magnetic fields up to 18 T [18]. For the
experiments, a fixed powder sample in an airtight glass
vessel was placed in the sample space of the cylindrical
waveguide.
Typical ESR spectra of Rb3Ni2(NO3)7 at T=3 K ex-
hibit broad and separated ESR lines as shown by some
examples in Fig. 5. The spectra allow collecting the re-
spective frequency vs. resonance field Bres dependen-
cies of the observed lines which are denoted by the red
dots. Even without further analysis, the data imply
a significant zero field splitting (ZFS) of around ∆ ≈
180 GHz. Our quantitative analysis applies the dimer
model of Ni2+-spins S1=S2=1 with uniaxial anisotropy
A1=A2=A, i.e.:
Hˆ = JSˆ1Sˆ2 +A(Sˆ
z
1
2 + Sˆz2
2) + gµBB(Sˆ1 + Sˆ2). (1)
Here, J is the intra-dimer exchange coupling, B the ex-
ternal magnetic field, and g the effective g-factor. Nu-
merical evaluation of the Hamiltonian (1) has been per-
formed by means of the EasySpin toolbox for Matlab [19].
The measured powder sample implies that for a given
magnetic field direction the angle Θ between B and the
local single ion anisotropy axis varies as 0◦ ≤ Θ ≤ 90◦.
The effect of Θ on the energy level diagram is illustrated
in Fig. 6 which displays the situation in the extreme cases
5Figure 5: HF-ESR transmission spectra (shown in gray),
at T = 3 K, with corresponding resonance positions marked
by red dots in the frequency vs. magnetic resonance field
diagram. The lines are the simulated resonance branches ob-
tained by solving the spin Hamiltonian (Eq. (1)). Solid lines
correspond to Θ=0◦ and dashed ones to Θ=90◦ (see the text).
of the single ion anisotropy being parallel and orthogo-
nal to the external magnetic field, respectively. Note,
that without mixing of the spin states, the selection rules
∆mS=±1 allow transitions only within a given multiplet,
while ∆S=±1 (e.g., singlet to triplet transitions) are for-
bidden. At the temperature of the experiments, transi-
tions within the S=2 quintet states are not observed since
the intradimer exchange coupling J results in a too large
energy difference between the spin multiplets as com-
pared to the thermal energy, i.e. Etriplet-EquintetkBT .
Thus, in our experiments, allowed transitions are sup-
posed within the triplet states only (see Fig. 6c and d).
The lines in Fig. 5 display the results of the sim-
ulations. The solid lines refer to the case Θ=0◦ and
the dashed lines to Θ=90◦. The results show that the
overall behavior is well described in terms of the dimer
model Eq. (1). The obtained parameters are the sin-
gle ion anisotropy |A|=179(1) GHz (i.e., 8.6 K) and the
isotropic effective g-factor of g=2.31(5), at T=3 K. Al-
though our data do not unambiguously allow determin-
ing the sign of A, the following simulations apply a uni-
axial case typically observed in octahedrally coordinated
Ni2+-complexes, i.e. A <0 [20–26]. This assumption is
corroborated by the temperature dependence of the ω1-
resonance branch (see the Supplemental Materials). The
size of the anisotropy corresponds well with the recently
reported value of -9 K for Li2NiW2O8 which is supposed
to exhibit spin-1 Ni2+ chains [27]. A similar value of the
single ion anisotropy A=-11.5 K was also reported for
Na2Ni2(C2O4)3(H2O)2 which realizes the spin-1 strong
rung two-leg ladder structure, too [20].
The calculated energy levels shown in Fig. 6 allow to
assign the different branches to particular transitions.
At B=0, all observed resonance branches within the
S=1 multiplet are degenerated. The resonance branch
Figure 6: Energy level diagrams obtained by solving Eq. (1)
for the single ion anisotropy axis being parallel (a) and or-
thogonal (b) to the external magnetic field. Black, red, and
dashed lines show the singlet, triplet, and quintuplet states,
black arrows indicate ground state level crossing. (c) and
(d) show the energy levels of the triplet states in which the
observed HF-ESR transitions associated with the resonance
branches ω1 to ω4 (cf. Fig. 5) occur.
ω1 is associated with the transition mS=0→mS=1, and
ω2 with mS=-1→mS=0. For Θ=90◦, ω3 is associ-
ated with mS=-1→mS=0. Note, that the transition
mS=0→mS=1 (Θ=90◦) is not observed in the experi-
ment since the mS=0 spin energy state is considerably
above the mS=-1 state and not populated at low tem-
perature (see Fig. 6d). In contrast, the spectra show the
presence of the ∆mS=±2 transition mS=-1→ mS=+1
showing up in the branch ω4. Accordingly, at high mag-
netic field the branch ω4 has almost the double slope
as compared to the dipole allowed branches ω1-ω3 (cf.
Ref. 20). The observed finite intensity of the so-called for-
bidden transition implies mixing of the pure spin states
ms=-1, ms=0, and ms=+1 due to crystal field and spin-
orbit effects. In contrast, resonances within higher spin
multiplets are not observed by our HF-ESR measure-
ments, which agrees to large intradimer coupling yielding
the higher multiplets energetically well separated from
the triplet states.
While the free dimer model of Eq. (1) describes the
positions and field dependencies of the resonances suffi-
ciently well, there are deviations with respect to the ex-
perimentally observed spectral intensities including split-
ting of the resonance branches at small and intermediate
magnetic fields B.6 T. These discrepancies imply that
a more complex scenario has to be considered to fully de-
scribe the magnetic properties of Rb3Ni2(NO3)7, e.g., by
including interdimer coupling and transversal anisotropy
as well as Dzyaloshinskii-Moriya interactions (see below).
Applying Eq. (1) allows describing the magnetization
data M(B). The results are shown in Fig. 2. In order
to imitate powder averaging realized in the sample un-
6der study, the simulations were done by calculating the
magnetization from the Hamiltonian (1) in steps of 1◦ in-
crements between Θ=0◦ and Θ=90◦ (here Θ is an angle
between magnetic field direction and the local single ion
anisotropy axis) and following averaging over the mag-
netizations obtained for different angles. By using the
values of A and g from the analysis of the HF-ESR data,
the fits yield Jdimer=9.7(8) K. The field dependence of the
spin energy states shown in Fig. 6 is in correspondence
with magnetization curve shown in the insert of Fig. 2.
For the two extreme angles shown in Fig. 6, the arrows
indicate changes of the magnetic ground state. To be spe-
cific, at Θ=0◦, there is a field induced crossing from the
|S = 0,mS = 0〉 to the |S = 2,mS = −2〉 state while at
Θ=90◦, the ground state successively changes to different
mixed states which evolving from the |S = 1,mS = −1〉
and |S = 2,mS = −2〉 ones, respectively. The field de-
pendence M vs. B is approximately explained by means
of the independent dimer model applying the experimen-
tally determined parameters A and g, and using an ap-
propriate interdimer coupling J . As will be shown in sec-
tion IV, the magnetic exchange parameters can be further
elaborated in the frame of the more realistic spin ladder
model.
III. FIRST PRINCIPLES CALCULATIONS
A. Electronic structure
The electronic structure of Rb3Ni2(NO3)7 was cal-
culated with the TB-LMTO-ASA (Tight Binding-
Linearized Muffin-Tin Orbitals-Atomic Sphere Approx-
imation) code [28] and the Vienna Ab initio Simula-
tion Package (VASP) [29]. The radii of atomic spheres
in the TB-LMTO-ASA calculations were chosen as fol-
lows: R(Ni)=2.3 a.u., R(O)=1.3-1.6 a.u., R(N)=1.3-1.4,
R(Rb)=4.4 a.u. A mesh of 32 irreducible k-points was
used in the VASP calculations. The plane wave cut-off
energy was chosen to be 400 eV. The rotationally invari-
ant form of LSDA+U method was utilized [30].
The resulting partial densities of states (DOS) and
band structure obtained in local density approximation
(LDA) are shown in the Figures 7 and 8. The DOS
around the Fermi level is formed by Ni-d states hy-
bridized strongly with O-2p states. The t2g - eg splitting
can be estimated as 1.5 eV, which agrees with that cal-
culated for other nickel oxides (1.1 eV for NiO, 1.7 eV
for Ni(NO3)2 [31]). The splitting of the eg DOS near the
Fermi level is caused by the dimerization accompanied
by the formation of the bonding and antibonding states
(see Fig. 8). The width of the highest eg band is about
0.22 eV, hence the dimer hopping can be estimated as
about 110 meV.
To perform a quantitative analysis of the LDA results
we constructed the low-energy model describing the eg
bands near the Fermi level by using the projection pro-
cedure [32]. The average transfer integrals were evalu-
Figure 7: The LDA Ni-d, O-p and N-s, p partial densities of
states for Rb3Ni2(NO3)7. The Fermi energy corresponds to
E=0.
Figure 8: LDA band structure (eg bands) around the
Fermi level and corresponding partial Ni-d, O-p DOS for
Rb3Ni2(NO3)7. The Fermi energy corresponds to E=0.
ated as tm≡ tij=
√
Tr(tˆij tˆTij), where tˆij is the 2×2 matrix
in the basis of Wannier functions constructed for the eg
bands and the trace is taken over orbital indices. The no-
tation of the hopping integrals tm (m=1-4) corresponds
to the notation of the main exchange paths shown in
Fig. 1c. We obtain t1=110 meV, t2=47 meV, t3=3 meV,
t4=15 meV. From these results one can already assume
that Rb3Ni2(NO3)7 can be classified as a spin-1 two-leg
ladder compound.
The metallic ground state of Rb3Ni2(NO3)7 obtained
within LDA (see Fig. 8) is a standard problem of this ap-
proach which is due to the underestimation of the on-site
Coulomb correlations. To resolve it, we implement the
LDA+U method [33]. The values of the on-site Coulomb
repulsion parameter and the intra-atomic Hund’s rule ex-
change interaction were chosen to be U=6.5-7 eV and
JH=0.95 eV. As will be shown below, such a parameter
7choice leads to a good agreement between experiment and
theory on the magnetic susceptibility. Moreover, these
parameters are close to those estimated within the LDA
constrained procedure for other nickel oxides [34, 35].
Figure 9: The LDA+U Ni-d and O-p partial density of states
for Rb3Ni2(NO3)7. The Fermi energy corresponds to zero.
Since the Curie-Weiss temperature of Rb3Ni2(NO3)7
is negative, antiferromagnetic arrangement of magnetic
moments on Ni ions was imposed in the LDA+U calcu-
lation. We obtained an insulating ground state with the
magnetic moment of 1.87-1.91 µB per Ni and an energy
gap of 2.06-2.11 eV for U=6.5-7 eV. The value of the
magnetic moment is in correspondence with typical val-
ues for nickel oxides (1.9 µB for NiO [36]). The partial
spin-resolved Ni-d DOS is shown in Fig. 9. Majority spin
states are completely occupied while minority spin states
are partially filled in accordance with the d8 electronic
configuration implied by the Ni2+ oxidation state.
B. Magnetic interactions
In order to describe the magnetic properties of the
Rb3Ni2(NO3)7 system we used the following Hamiltonian
H =
∑
ij
Jij ~ˆSi ~ˆSj +
∑
ij
~Dij [ ~ˆSi × ~ˆSj ] +
∑
iµν
Sˆµi A
µν
i Sˆ
ν
i , (2)
where Jij is the isotropic exchange interaction, ~Dij the
Dzyaloshinskii-Moriya vector, and Aµνi are the elements
of the single-ion anisotropy tensor, µ(ν)=x, y, z. The
summation
∑
ij accounts each pair once.
All parameters of the spin Hamiltonian were calcu-
lated by using the magnetic force theorem with different
types of perturbations. For instance, for the isotropic
exchange interactions we used the approach reported in
Refs. 37, 38, which is based on the infinitesimal rota-
tion of the magnetic moments from the antiferromag-
netic ground state. In turn, the elements of the single-
ion anisotropy tensor were obtained by using the spin-
orbit coupling as a perturbation [39, 40]. The procedure
for calculating the Dzyaloshinskii-Moriya interactions is
based on the mixed type of the perturbation theory on
the spin-orbit coupling and infinitesimal rotation of the
magnetic moments [39].
The main isotropic exchange pathways for
Rb3Ni2(NO3)7 are shown in Fig. 1c, where J1 and
J2 are the couplings along the rungs and the legs of
the ladder, respectively. J3 and J4 denote the exchange
interactions between the ladders. The calculated values
of the exchange integrals are J1=11-9.84 K, J2=1.62-
1.44 K, J3=0 K, and J4=0.07 K for the chosen range of
the on-site Coulomb repulsion parameter. All exchange
interactions are antiferromagnetic. According to the cal-
culated exchange constants, we classify Rb3Ni2(NO3)7
as a spin-1 two-leg ladder compound. The obtained
ratio J2J1 =0.15 indicates very strong rung interaction.
This ratio is about two times smaller than what was
experimentally found for the spin-1/2 ladder analog
(C5H12N)2CuBr4 [41].
Figure 10: The eg orbitals corresponding to the largest ele-
ments in the matrix of exchange integrals for exchange along
the rung (a) and leg (b) of the ladder determine J1 and J2,
respectively.
In order to understand the quantitative difference be-
tween J1 and J2, we are going to analyze the partial
8orbital contributions from different Ni-d orbitals to the
matrix of the exchange integrals. The largest elements
in this matrix for the J1 and J2 pathways correspond
to the exchange between the orbitals shown in Fig. 10a
and b, respectively. From Fig. 10a, it is clearly seen
that these orbitals have x2-y2-like symmetry and their
lobes are pointing towards the oxygen atoms along b axis
forming σ-bonds. The p-orbitals of the oxygen ions are
strongly overlapping with these orbitals which leads to a
strong antiferromagnetic interaction J1.
The orbitals which determine the J2 exchange along
the legs of the ladder have 3z2-r2-like symmetry
(Fig. 10b). J2 is much smaller than J1 since the lobes
of the 3z2-r2-like orbitals on the two Ni2+-ions along the
legs (i.e., in a-direction) tilt in different directions. The
p-orbital pointing towards the 3z2-r2-orbital on one par-
ticular Ni2+-ion will be directed almost perpendicular to
the 3z2-r2-orbital of the neighboring Ni2+-ion in the leg.
Such geometry results in a rather weak 3z2-r2-O p over-
lap leading to an exchange constant seven times smaller
than J1. In comparison, the inter-ladder interactions J3
and J4 are negligible since there are no nitrate groups
between Ni atoms in these directions and the Ni-Ni dis-
tances are large, i.e., 7.3 and 6.8 A˚, respectively.
These TB-LMTO-ASA results concerning the isotropic
exchange interactions are confirmed by the GGA+U
VASP calculations. We have evaluated the exchange in-
tegral along the rungs (J1) by the total energy differ-
ence of ferromagnetic and antiferromagnetic configura-
tions, J1=
EFM−EAFM
8S2 . The antiferromagnetic configura-
tion has the lower total energy and the magnetic moment
on the Ni2+ ion is 1.78 µB in accordance with the results
of the LMTO calculations. The obtained energy gap,
however, amounts to 3.1 eV and is larger than the one
obtained within LMTO. The value of the exchange in-
teraction J1=12.73 K agrees with the TB-LMTO-ASA
results.
The center of inversion in the Pnma structure of
Rb3Ni2(NO3)7 is placed at the origin. Since two Ni atoms
belonging to the rungs or the legs of the ladder do not
transform into each other under inversion operation, one
could expect a non-zero Dzyaloshinskii-Moriya interac-
tion for these two pathways. Indeed we obtain ~D1=(0.01,
0, 0.01) K and ~D2=(-0.01, 0.1, 0.08) K. Note, however,
that our experimental data on the powder sample do not
allow evidencing such a small effect of the DM exchange.
Since almost zero anisotropy was obtained within the
perturbation theory in the framework of the LMTO cal-
culation we try to estimate its value using the VASP
package. The single ion anisotropy could be evaluated
as total energies difference of several magnetic configura-
tions. Lets us consider the spin on the first Ni site. If the
spin has an easy-axis with local z′ axis the corresponding
term in the Hamiltonian (2) has the form A1S
2
z′ . Calcu-
lating the total energies of four spin states in which the
spin on the first Ni ion directs along z′, -z′, x′, -x′ while
the spins on other seven Ni ions are along y′ direction,
one can evaluate the single ion anisotropy parameter as
A1=
E1+E2−E3−E4
2S2 [42]. In the case of Rb3Ni2(NO3)7 the
direction of the easy-axis is unknown. Hence we per-
form the total energy calculations for four different con-
figurations: in (1) and (2) the spin on the first Ni site
is set along the x and y directions, respectively, while
all the rest spins are along z; in (3) and (4) the spin
on the first Ni site is set along x and z directions, re-
spectively, while all the other spins are directed along
y. The obtained total energies are E1=-783.06992455
eV, E2=-783.06970414 eV, E3=-783.06990379 eV, E4=-
783.06987355 eV. One can conclude that the x direction
is preferable and a rough estimation of anisotropy could
be obtained as E1-E2=-2.6 K. This value still underesti-
mates the experimental result of A=-8.6 K. The estima-
tion of the single ion anisotropy value from electronic
structure calculations is burdened by the necessity to
evaluate small differences of large total energies. Since
there are 132 atoms in the unit cell of Rb3Ni2(NO3)7 it
is hard to test the obtained results with respect to pa-
rameters responsible for the accuracy of the calculation.
IV. COMPARISON WITH THE EXPERIMENT
To compare theoretical results with experiment we
employ the expression for the Curie-Weiss tempera-
ture Θ=J0S(S + 1)/3kB obtained by using the high-
temperature expansion of the magnetic susceptibility.
Here, J0 is the summarized exchange interaction of a
given Ni site with the magnetic environment, which is
J0 = J1 + 2J2 + 2J3 + 2J4 in case of Rb3Ni2(NO3)7.
The value of the Curie-Weiss temperature recalculated
from the numerically obtained exchange constants equals
-9.6 K (for U=6.5 eV) which is in a good agreement with
the experimental data of Θ = −10.9 K.
Figure 11: Magnetic susceptibility obtained by solving the
Heisenberg model for dimers with J= 9.8 K and J=10.5 K
(dark green and red dotted curves, respectively) and for the
two-leg ladder model with J1=9.8 K, J2=1.62 K and J1=10.5
K, J2=1.62 K (green and pink solid curves, respectively). Ex-
perimental data are shown as open circles.
9To reproduce the experimentally measured magnetic
susceptibility we have solved the Heisenberg model for
the S = 1 two-leg ladder by using the quantum Monte
Carlo loop algorithm [46] implemented in the ALPS sim-
ulation package [43, 44]. The obtained susceptibility for
two sets of exchange parameters J1=9.8 K, J2=1.62 K
and J1=10.5 K, J2=1.62 K is presented in Fig. 11 (solid
curves). Since the ESR data are described reasonably
well within the dimer model we also calculate the sus-
ceptibility of independent dimers with the intradimer ex-
change interactions J=9.8 K and J=10.5 K by means
of full diagonalization (dotted curves). The best agree-
ment with the experimental data is achieved for the lad-
der model with J1=10.5 K and J2=1.62 K.
V. CONCLUSION
In this paper we report the synthesis, crystal structure
and thermodynamic properties of the new Rb3Ni2(NO3)7
compound. The magnetic excitations have been exam-
ined in high field high frequency ESR. The measure-
ments of magnetization, specific heat and high-field elec-
tron spin resonance have revealed a spin-liquid behav-
ior. From analysis of experimental magnetic susceptibil-
ity data and electronic structure calculations the main
exchange interaction along the rung of the ladder is esti-
mated to be 9.8-11 K, while the interaction along the leg
is about seven times smaller. Hence, we can identify these
compound as the physical realization of the strong-rung
spin-1 ladder model. Even the simple model of the free
dimers describes some of the experimental observations,
such as the main features of the HF-ESR and the magne-
tization at low temperature. However, the susceptibility
data is better reproduced within ladder model. Hence
we suggest that probably a more sophisticated model
is needed to obtain the complete agreement of theory
and experiment. Such detailed information on thermo-
dynamic properties and values of exchange interactions
as well as strong single ion anisotropy would be useful in
verifying results of model investigations of spin-1 two-leg
ladders.
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